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The process of high-energy soliton fission is experimentally and numerically investigated in a
graded-index multimode fiber. Fission dynamics is analyzed by comparing numerical observations
and simulations. A novel regime is observed, where solitons produced by the fission have a nearly
constant Raman wavelength shift and same pulse width over a wide range of soliton energies.
INTRODUCTION
The concept of optical soliton propagation in multi-
mode (MM) fibers was introduced in the literature nearly
forty years ago [1–3]. Although Raman soliton genera-
tion in a graded-index (GRIN) MM fiber was first demon-
strated back at the end of the 80’s [4], it is not until re-
cent years that nonlinear optics in MMFs fibers has seen
a revival of interest [5, 6].
In 2013, Renninger and Wise observed that MM soli-
tons result from the simultaneous compensation of chro-
matic dispersion and modal dispersion [7]. The asso-
ciated Raman-induced MM soliton self-frequency shift
(SSFS) in GRIN MM fibers was investigated in a low
pulse energy (up to 3 nJ) situation, where the MM soli-
ton is essentially carried by the fundamental mode of the
MM fiber. The spatiotemporal behavior of MM solitons,
including their formation and fission, was later investi-
gated by Wright et al. with input beams leading to in-
put energy distribution among several guided modes [8];
Raman MM solitons at 2100 nm could be generated from
a GRIN fiber, by using 500 fs input pulses at 1550 nm,
with energies up to 21 nJ.
In the regime of highly nonlinear ultrashort pulse prop-
agation in the anomalous-dispersion regime of a GRIN
MM fiber, a variety of spatio-temporal effects was ob-
served [9]. By adjusting the spatial initial conditions,
megawatt, ultra-short pulses, tunable between 1550 and
2200 nm, could be generated from the 1550 nm pump
wavelength [9, 10]. When propagating in a few-mode
GRIN MM fiber, it was shown that MM solitons display
a continuous range of spatiotemporal properties, that de-
pend on their modal composition [11]. The generation of
120 fs MM solitons was reported, with higher energies
with respect to single mode (SM) solitons, a property at-
tributed to the transverse spatial degrees of freedom that
result from the fiber supporting multiple spatial eigen-
modes. The modal distribution of the input beam plays
an important role in controlling the different frequency
conversion processes that shape the output spectrum [12].
Namely, the interplay of soliton fission processes, stimu-
lated Raman scattering, dispersive wave generation and
intermode four-wave mixing. Whereas in the case of step-
index fibers, the presence of Raman scattering may lead
to novel soliton self-mode conversion effects [13].
The impact of self-imaging on soliton propagation in
GRIN MM fibers was recently investigated using a sim-
plified model [14], based on the SM generalized nonlinear
Schro¨dinger equation (GNLSE) with a spatially varying
effective mode area [15], evolving according to the vari-
ational approach (VA) [16]. The Raman-induced fission
of higher-order solitons into fundamental solitons was nu-
merically described in terms of the SM model [17]. The
experimental validation of the SM soliton fission theory
and the subsequent SSFS of different Raman solitons in
MM GRIN fibers has not yet been reported.
In this paper, we experimentally study the fission of
high input energy (up to 550 nJ), MW peak power fem-
tosecond high-order MM solitons in a GRIN fiber. Input
multi-soliton pulses undergo Raman-induced fission into
multiple fundamental MM solitons. Our experiments
permit to describe the range of validity of the reduced
SM soliton description. Moreover, we also reveal sev-
eral unexpected properties of soliton fission in MM fibers.
Specifically, we observed that, in the high input energy
regime, nonlinear losses owing to side scattering in the
first few centimeters of the fiber lead to output energy
clamping and SSFS suppression. MM solitons sponta-
neously self-organize into a wavelength multiplex, before
undergoing SSFS. Moreover, the temporal duration of
each MM soliton remains a constant, in spite of their dif-
ferent wavelengths and associated dispersions. Moreover,
the analysis of the order of the generated fundamental
solitons reveals their inherently MM nature.
METHODS
Experimental setup
As shown in Figure 1, the experimental setup used
for the generation of high-energy MM solitons consists
of an ultra-short laser system, involving a hybrid opti-
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2cal parametric amplifier (OPA) of white-light continuum
(Lightconversion ORPHEUS-F), pumped by a femtosec-
ond Yb-based laser (Lightconversion PHAROS-SP-HP),
generating pulses at 25 to 100 kHz repetition rate, with
Gaussian beam shape (M2=1.3). The pulse shape was
measured using an autocorrelator (APE PulseCheck type
2), resulting in a sech temporal shape with 130 fs pulse
width. The laser beam was focused by a 30 mm lens into
a 30 cm span of GRIN fiber, with an input diameter of
approximately 20 µm at 1/e2 of peak intensity. The in-
put pulse wavelength is set at 1550 nm, and its energy
is varied between 0.1 and 500 nJ by means of a variable
external attenuator.
FIG. 1. Schematic of the experimental setup and measured
index profile of the GRIN fiber (inset).
The fiber index profile had a core radius rc=25
µm, cladding radius 62.5 µm, and a cladding index
nclad=1.457, with the relative core-cladding index dif-
ference ∆=0.0103. The fiber parameters were measured
along with the index profile by a NR-9200 Optical Fiber
Analyzer, as shown in the inset of Fig. 1. The index
measurement was based on the refracted near field. Af-
ter the cleave, the fiber was immersed in a calibrated
oil solution, and illuminated with a single mode laser at
667 nm. A scanning of the fiber face allowed to obtain
the refractive index profile, with a resolution of 0.4 µm.
At the fiber output, a micro-lens followed by a second
lens focused the beam into an optical spectrum analyzer
(OSA) (Yokogawa AQ6370D) and a real-time multiple
octave spectrum analyzer (Fastlite Mozza), with wave-
length ranges of 600-1700 nm and 1000-5000 nm, respec-
tively. A miniature fiber optics spectrometer (Ocean Op-
tics USB2000+), with 200-1100 nm spectral range, was
also used. The output radiation was passed through dif-
ferent long-pass or band-pass optical filters, in order to
isolate the individual Raman solitons from the residual
radiation. Output soliton spectra were analyzed by us-
ing a sech2 fit of each corresponding lobe in the output
spectrum. This permitted us to determine the soliton
central wavelength and bandwidth. The MM soliton en-
ergy was extracted, and compared with the total spectral
power as measured by a power meter. The output soli-
ton pulsewidth was calculated by assuming a transform
limited time-bandwidth product, and checked by the au-
tocorrelator. The output near field was also projected
on a near-infrared (NIR) camera (Gentec Beamage-4M-
IR), in order to optimize input coupling, and monitor
the output transverse intensity distribution. Input and
output average powers were measured by a thermopile
power meter (GENTEC XLP12-3S-VP-INT-D0).
Numerical model
Our numerical model for simulating high-energy op-
tical pulse propagation in a GRIN MMF involves the
(3D + 1) GNLSE (or Gross-Pitaevskii equation [18]) in
its vectorial form, involving a single field for each polar-
ization, including all frequencies and modes:
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with γ = n2
2pi
λ , K2 =
α2
2γ , and fR = 0.18. In Eqs.(1),
the two polarizations p, q = x, y are nonlinearly cou-
pled. Terms in the right-hand side of Eq. (1) account
for: transverse diffraction, second, third and fourth-order
dispersion, linear loss, the waveguiding term with refrac-
tive index profile n(x, y) and cladding index nclad, Kerr
and Raman nonlinearities (with nonlinear coefficient γ
and fraction fR), respectively. In Eqs.(1) we neglect the
contribution of polarization mode dispersion: we numer-
ically verified that its effects are negligible for the short
fiber lengths (up to 30 centimeters) involved in our ex-
periments. Nonlinearities include self-steepening, third-
harmonic generation (THG) and two-photon absorption
(TPA) (with coefficient α2). The model of Eq. (1) is
alternative to that based on coupled equations for the
fiber modes [19], which requires a preliminary knowledge
of the power distribution among the fiber modes at the
fiber input. Random phase noise was added to the in-
put field, in order to describe the generation of intensity
speckles and to seed dispersive waves, which are typically
observed in multimode fibers. Random changes in the
fiber core diameter have also been introduced, although
they produced negligible effects over the considered fiber
lengths.
In simulations, we used the following GRIN fiber pa-
rameters: core radius, cladding radius, and relative index
difference are already provided in the experimental setup
subsection; dispersion parameters are β2 = −22 ps2/km
3at 1550 nm, β3 = 0.132 ps
3/km, β4 = −5× 10−4 ps4/km;
nonlinear parameters are n2 = 2.7 × 10−20 m2/W, α2 =
1 × 10−16 m/W (this value was justified by a best fit
of the SSFS observed in the experiments); hR(τ) with
the typical response times of 12.2 and 32 fs, respec-
tively [20, 21]. We included the wavelength dependence
of the linear loss coefficient α, as reported for standard
SM glass fibers [22]. For a 30 cm fiber length, linear
losses only affect transmission at wavelengths above 2500
nm, and are negligible at the wavelengths considered in
this work. The input beam is modeled as a Gaussian
beam with w0 = 10 µm waist (20 µm diameter); we used
a sech temporal shape with full-width-at-half-maximum
(FWHM) pulsewidth TFWHM = 130 fs; random phase
noise is added at input for both polarizations. Two po-
larizations are launched at the fiber input with a variable
spit ratio between 0.5 and 1, the last value corresponding
to a single polarization. Although the used model con-
siders all modes merged in a single field, our fiber launch
conditions produce, in linear regime, 4 axial-symmetric
modes with power fraction: 0.56, 0.26, 0.12, and 0.06, re-
spectively; higher-order modes can be neglected. In the
next Section , we shall compare numerical simulations
using Eqs.(1) to experimental results.
RESULTS AND DISCUSSION
Here we report our experimental studies of MM soli-
ton fission dynamics, using the setup of Subsection . We
considered relatively short GRIN fiber spans of length
up to 30 cm. For a better understanding of the complex
MM nonlinear effects involved, we compared observations
with numerical simulations with the full MM model de-
scribed in Subsection , as well as with the analytical the-
ory for SM Raman solitons [23]. All figure captions spec-
ify if the curves refer to either experimental or simulation
data.
Nonlinear loss
We observed a strong output energy clamping for an
input pulse energy Ein¿100 nJ. Figure 2.(a) shows the
measured output energy vs. input energy, in the over-
all, detected spectral bandwidth (red curve with stars),
or after insertion of a filter that strongly attenuates all
wavelengths below 1100 nm (black curve with diamonds).
In both cases, energy losses are limited from zero to below
20% for input energies Ein up to 100 nJ. For Ein >150 nJ,
the output energy saturates to a nearly constant value.
This output energy clamping is not affected by chang-
ing the laser pulse repetition rate, while maintaining the
input pulse energy unchanged, indicating that thermal
effects are not involved in the output energy loss.
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FIG. 2. a) Experimental output pulse energy vs. input en-
ergy, in the overall bandwidth or for wavelength above 1100
nm. b) Fraction of transmitted energy vs. fiber length for
different input pulse energies.
Figure 2.(b) is the result of a cutback experiment (per-
formed with a 50 mm input lens), illustrating the depen-
dence of nonlinear energy loss upon fiber length (starting
from 1 cm), for several values of the input pulse energy.
Here the loss is determined in terms of the transmit-
ted energy by the fiber or the ratio of output to input
pulse energy. This ratio is normalized to the fiber cou-
pling efficiency at low powers (equal to 45%), so that the
transmitted energy at low powers is 100% for all fiber
lengths. Figure 2.(b) shows that losses mainly occur over
the first 7 cm of fiber (and particularly over the first cm
already), and remain negligible in the remaining fiber
section. The strong drop of transmitted energy as the
input energy grows larger confirms the nonlinear nature
of the loss mechanism. We ascribe the nonlinear loss to
multi-photon absorption, leading to the side-emission of
broadband blue fluorescence [6], as well as to scattering
from the cladding of NIR radiation, THG, and visible
dispersive wave sidebands [9, 10] . Nonlinear loss is most
efficient at the points of peak beam intensity generated
by self-imaging over the first few cm of fiber. A maxi-
mum is reached during the input MM soliton pulse fission
phase, occurring in the first centimeters of fiber, were
the peak power reaches several MWs [6, 15]. We defer
a detailed comparison between experiments and theory
of multi-photon absorption and side-scattering induced
nonlinear loss processes in the GRIN fiber to a subse-
quent publication.
Two energy regimes are observed in Figure 2.(a) and
2.(b). In the first regime, for Ein¡100 nJ, nonlinear losses
are negligible. Whereas for 100¡Ein¡550 nJ, significant
nonlinear loss occurs over the first few cm of fiber, and
the output energy is clamped. In the following, we will
refer to the first and second regime as “low-loss” and
“high-loss” cases, respectively. We also observed that,
for input energies above 550 nJ (i.e., about 2.1 MW input
peak power), the beam undergoes catastrophic collapse
with permanent damages at the input and across the fiber
length.
4Fission dynamics
In order to analyze the MM soliton fission process and
compare it with existing SM soliton theory predictions,
we carried out a series of simulations in the “low-loss”
regime, where the impact of TPA can be neglected.
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FIG. 3. Simulation of the a) spectra, and b) pulse power
evolution with distance; case of 90 nJ input pulse energy. c)
Simulation of the most delayed bullet in space-time domain;
last self-imaging period before the output, at the distance of
maximum effective area; d) last self-imaging period, at the
distance of minimum effective area. Iso-surfaces are provided
at 1/e2 of peak intensity.
Fig. 3.(a) shows the evolution of the intensity spec-
trum as a function of fiber length, for the input energy
of 90 nJ. As can be seen, the fission of the input pulse
leads to a complex wavelength multiplex of MM solitons,
which is generated at the short distance of about ten
centimeters. The resulting soliton wavelength shifts are
nonadiabatic, i.e., they occur over a much shorter dis-
tance than the length required to obtain an equivalent
wavelength shift ∆λ via the SM SSFS formula [23]
∆λ =
4λ2β2TRz
15picT 40
(2)
where TR=3 fs is the Raman response time, z is the fiber
propagation coordinate, T0=TFWHM/1.763 is the soliton
pulse width, and λ is the soliton wavelength. After the
fission process, each resulting MM soliton in the wave-
length multiplex undergoes a slow propagation frequency
shift, which may be well described according to Eq. (2).
When displaying the pulse power in the time domain,
i.e., by integrating the field intensity across the transverse
x, y axes, the simulation of Fig. 3.(b) shows that the
input pulse undergoes a temporal compression over the
first 5 mm of fiber. Correspondingly, it reaches local peak
powers up to several MW until it experiences a soliton
fission, thus producing a number of solitons, each with
a comparable pulse width between 45 fs and 60 fs, and
different peak powers, ranging from few tens of kW up
to 300 kW. The number M of generated solitons may
arrive up to 5 when the input energy grows larger. In
the “low-loss”regime, the numerically generated solitons
have energies below 20 nJ (peak powers below 300 kW).
In the spatiotemporal domain, the train of solitons gen-
erated after the input pulses fission corresponds to as
many bullets. Figs. 3.(c) and 3.(d) reports the most de-
layed Raman soliton bullet during the last self-imaging
period, before the fiber end; bullets are illustrated as iso-
surfaces at 1/e2 of global peak intensity, and are given
at the distance of maximum (Fig. 3.(c)) and minimum
(Fig. 3.(d)) effective area. Soliton bullets experience a
synchronous periodic self-imaging (SI) in the transverse
plane, with a period that corresponds remarkably well
to the theoretical value, namely zSI = pirc/
√
2∆ = 0.55
mm. All soliton bullets, after integration in time, possess
similar minimum and maximum effective areas, despite of
their different wavelengths; the ratio of minimum to max-
imum effective area for all bullets is C = Amin/Amax =
0.53,in good agreement with the prediction of the VA
[14–16].
Fig. 3.(b) also shows the generation of dispersive waves
with a negative delay, corresponding to anti-Stokes radi-
ation. Our simulations show that those waves partially
propagate in the cladding.
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FIG. 4. Cutback experiment at 300 nJ input energy. Experi-
mental output intensity spectra in log scale (left) and in linear
scale (right)
In this Subsection, we compare the predictions of Sub-
section to the experiments. Moreover, we experimen-
tally investigate the transition from the “low-loss” to the
“high-loss” propagation regime, and its impact on MM
soliton fission, followed by the SSFS of fundamental MM
solitons.
To disclose the details of high-order MM soliton fis-
sion, and the subsequent SSFS dynamics, we carried out
a cutback experiment. Figure 4 illustrates the length
dependence of the output spectrum, for Ein=300 nJ. A
5wavelength multiplex of fundamental Raman MM soli-
tons appears at 7 cm, as an outcome of high-order MM
soliton fission. In the first 3 cm of fiber, no Raman MM
solitons are visible, since the fission process has not yet
been completed. The generation of anti-Stokes disper-
sive wave sideband series (originating from spatiotempo-
ral MM soliton oscillations [9, 10]) is visible for wave-
lengths below 900 nm. A close inspection of the spec-
tra shows that visible sidebands experience a progressive,
weak blue-shift as the distance grows larger.
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FIG. 5. Experimental output spectra in linear scale, from a
GRIN fiber of 30 cm length, for several values of the input
energy. Points where spectra cross the vertical axis indicate
the corresponding input pulse energy.
Figure 5, showing the experimental output spectra in
a linear scale (with a GRIN fiber length of 30 cm) for
several values of the input energy, illustrates well the
transition from the “low-loss” to the “high-loss” regimes.
As can be seen, a progressively larger number of MM
Raman solitons is generated as Ein grows larger. Indi-
vidual MM solitons undergo different amounts of SSFS.
In the “high-loss” propagation regime, for Ein¿150 nJ,
the Raman-induced wavelength shift stops at 2250-2300
nm, owing to nonlinear losses that clamp the output en-
ergy.
Soliton wavelengths
We extracted in Figure 6 the measured wavelength of
individual MM solitons that are generated by the higher-
order soliton fission process.
In Figure 6, we display the soliton wavelength as a
function of the total output energy above 1100 nm (mea-
sured after inserting a long-pass filter, in order to elim-
inate most of the generated THG and supercontinuum,
while including all solitons). Data in Figure 6 include
MM solitons generated in both the low-loss and in the
high-loss regimes.
In Figure 6, we refer to Raman 1, Raman 2 and Ra-
man 3, as the solitons that experience the highest to the
lowest Raman shift, respectively. Additional solitons, if
present, are not displayed here. The experimental data,
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FIG. 6. Experimental wavelength shifts (empty squares,
empty circles and crosses for solitons Raman 1, 2 and 3, re-
spectively) vs. total output energy, after long-pass optical fil-
tering at 1100 nm, at 30 cm of GRIN fiber. The wavelengths
of the three Raman output solitons are ranged according to
their absolute wavelength shift. Corresponding simulation re-
sults are indicated by solid lines with diamonds, stars and
x-shaped crosses, respectively.
illustrated as dots, are provided where the output spec-
tra provide lobes that are easily fittable by using a sech2
shape; other spectra have been discarded. Solid curves
are the corresponding data from numerical simulations.
In Fig.6, numerical curves stop right above 100 nJ of out-
put energy. As a matter of fact, simulations diverge for
output energies above 110 nJ; numerics blow up due to
beam filamentation after a few centimeters of fiber. As
discussed in Subsection , in experiments the fiber damage
threshold only occurs for relatively high input energies,
above 550 nJ. We ascribe the discrepancy between simu-
lations and experiments in the threshold for catastrophic
self-focusing to the presence of a significant additional
loss mechanism via the side-scattering of light, a mecha-
nism which is not included in our model.
Experimental data for the Raman 1, Raman 2, and Ra-
man 3 solitons show that, for output energies up to 90 nJ
(“low-loss” regime), their wavelengths increase linearly
with energy: the most shifted Raman 1 soliton reaches
2100 nm. For input energies above 90 nJ, high nonlin-
ear losses provide a nearly constant output energy: as
a result, an irregular distribution of soliton wavelengths
appears in Figure 6, and the output energy is clamped
to values below 110 nJ.
The difference between the “low-loss” and the “high-
loss” regimes is also illustrated by Figure 7, providing ex-
perimental data (empty squares and empty circles) and
numerical simulations (solid curves) of the wavelength of
solitons Raman 1 and Raman 2, respectively, as a func-
tion of their output energy, Es. Here the violet dashed
line is analytically obtained from the SM SSFS equation
(2); we inserted the pulsewidth and wavelength λ of the
corresponding output soliton from simulations; disper-
sion β2 is calculated at soliton wavelength.
Figure 7 shows that, in the “low-loss” regime, and up
to Es=5 nJ, the soliton wavelength increases with soli-
ton energy according to Eq. (2). For 5¡Es¡15 nJ, that
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FIG. 7. Experimental data (empty squares and empty circles
for solitons Raman 1 and 2, respectively) and numerical sim-
ulations (solid curves) of the wavelength of solitons Raman 1
and Raman 2 vs. soliton energy; violet dashed line is obtained
from Eq. (2).
is, in the ”low-loss” regime, the soliton wavelength still
increases linearly with its energy, but with a slope that is
considerably higher from the value predicted by Eq. (2).
This is explained by the fact that Eq. (2) describes a
propagation wavelength shift. Whereas, as we have seen
in Subsection , the soliton fission process suddenly pro-
duces (i.e., over a distance of a few millimeters) a spectral
multiplex involving highly frequency shifted solitons. In
the “high-loss” regime, i.e., for soliton energies Es >15
nJ, experimental data show an irregular distribution of
Raman soliton wavelengths, oscillating around 2100 nm
for the Raman 1 soliton, and 1900 nm for the Raman 2
soliton, respectively. In this regime, soliton energies may
reach 50 nJ.
Soliton durations
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FIG. 8. Experimental data (empty squares and empty cir-
cles for solitons Raman 1 and 2, respectively) and numerical
simulations (solid curves) of the output soliton pulsewidth
vs. soliton energy; violet crosses and violet dashed line are
obtained from Eq. (3) by using soliton parameters obtained
from either experimental or simulation data, respectively.
As we shall see, the theoretical prediction of the gener-
ation of a soliton wavelength multiplex with nearly equal
pulse widths is confirmed by the experimental analysis
of the temporal duration of the different Raman soli-
tons, that are generated by the fission process. Figure 8
compares experimental data and numerical simulations
for the pulse width of different output MM Raman soli-
tons, as a function of their energy. Experimental pulse
widths were extracted from the fit of the recorded spec-
tra, by assuming a sech shape and a transform-limited
time-bandwidth product. We compared data with the
analytical fundamental SM soliton relationship
Tj =
2pic|β2j |w2j
ωjn2
(3)
where β2j is the dispersion at j-th soliton wavelength
λj = 2pic/ωj , and wj is the effective bullet waist of the
MM soliton, which is assumed to be equal to the input
waist; in Fig. 8, the violet dashed line is obtained, in
the ”low-loss” regime by inserting the soliton parameters
as they are obtained from simulations. Whereas violet
crosses are obtained by inserting in Eq. (3) the soliton
parameters given by the experiments.
In the “low-loss” regime, for soliton energies Es <15
nJ, the pulse width of individual Raman MM solitons is
well approximated by the SM analytical soliton formula
of Eq. (3). A train of pulses with sech temporal shape,
different peak powers, and wavelengths, but nearly equal
pulse widths (around 45 fs) is generated for soliton ener-
gies Es >5 nJ, in good agreement with numerical simu-
lations.
On the other hand, in the “high-loss” regime, that is,
for Es >15 nJ, the black crosses in Fig. 8 show that
the SM soliton formula Eq. (3) would predict a narrower
pulse width, when compared with respect to the exper-
imentally observed soliton pulse durations. As a matter
of fact, experimental spectra show that all MM Raman-
shifted solitons converge to nearly same and constant
(with respect to soliton energy) pulse width, with a value
between 50 fs and 60 fs. At the same time, the wavelength
shift of Raman solitons remains also clamped around a
constant value (see Fig. 7). The self-organization of a
soliton multiplex with equal pulse widths and unequal
amplitudes corresponds to a regime with minimal emis-
sion of dispersive waves (or radiation), since nonlinearity
exactly balances the local dispersion (as it is determined
by second and third-order dispersion) at each of the dif-
ferent Raman wavelengths [24].
In order to obtain a direct experimental confirmation
of the time duration of MM solitons generated after fis-
sion, autocorrelation traces have been recorded. NIR and
visible light was cut-off using filters. Fig. 9.(a) illustrates
the case of two measured solitons, generated for an in-
put pulse energy of 150 nJ. The solitons were isolated by
using a 1500 nm long-pass filter: output solitons show
a relative delay of 0.28 ps, and equal pulse widths of
about 51 fs. Although crossed-pulse correlation does not
provide accurate values of the individual pulse widths,
obtaining cross-correlation pulses with equal widths in-
dicates that the output solitons possess nearly the same
temporal durations. Fig. 9.(b) shows the corresponding
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FIG. 9. Experimental autocorrelation trace a) and output
spectrum b) for an input energy of 150 nJ (long-pass filtered).
Autocorrelation c) and spectrum d) for an input energy of 500
nJ (band-pass filtered). Spectra are in linear scale.
measured spectrum: the interference pattern, indicating
the presence of a coherent superposition of two bound
solitons (soliton molecule), is clearly visible. In other
cases (not shown), spectra with non-interfering patterns
have been also been observed.
Fig. 9.(c) shows the autocorrelation of a single MM
soliton, generated for 500 nJ of input energy, isolated
by means of a band-pass filter centered at 2250 nm, and
with 500 nm bandwidth. The Raman soliton is centered
at 2110 nm, with a pulse width of 71 fs (after the filter)
(see Fig. 9.(d)).
Soliton order
N at solitons wavelength
0 5 10 15 20 25 30 35 40 45 50 55
Soliton energy [nJ]
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
S
o
lit
o
n
 o
rd
e
r 
N
Raman 1, experiment
Raman 2, experiment
Raman 1, simulation
Raman 2, simulation
FIG. 10. Experimental (dots) and numerical (solid lines) out-
put soliton order vs. soliton energy, assuming effective soliton
waist equal to the input value w0.
In order to match experimental and numerical data
with analytical results from SM soliton theory, it was
necessary in Subsection to assume that the effective bul-
let waist of the soliton wj is equal to the input beam
waist w0. This is confirmed when calculating the soliton
order from the experimental and numerical data of Fig.7
and 8. For the order of the j-th fundamental MM soliton,
one has
N2j =
ωjn2T0jEsj
2pic|β2j |w2j
(4)
where Esj is the j-th soliton energy. By using either ex-
perimental or numerical parameters, we report in Fig.10
the output soliton order as a function of its energy. Sim-
ulations in the “low-loss” regime, in particular, converge
to N = 1 if and only if wj = w0 is assumed for all
wavelengths and energies. An attempt to use an effec-
tive soliton waist that is smaller than the input value
(for example, wj = w0C
1/4, where C is the ratio of mini-
mum to maximum effective area for all soliton bullets, as
proposed in [17]), leads to orders N greater than unity,
between 1 and 1.5.
Whereas in the “high-loss” regime, for Esj >15 nJ, ex-
perimental soliton orders calculated with wj = w0 turn
out to be in any case higher than unity, with values rang-
ing between 1 and 1.35. This may be associated with
the MM nature of the solitons, that require a higher en-
ergy with respect to SM solitons, in order to compensate
for modal dispersion in addition to chromatic dispersion
[8, 11].
CONCLUSIONS
We have experimentally and numerically demonstrated
that high-energy, ultra-short pulse fission in a parabolic
GRIN fiber produces trains of wavelength-multiplexed
MM solitons with nearly equal temporal durations, and
different energies. The wavelength multiplex generated
during the fission process is composed by solitons with
different energies, so that nearly fundamental solitons are
produced at each wavelength, according to the SM soli-
ton relationship. The wavelength shift produced by the
initial fission process largely dominates the propagation
SSFS.
For input pulse energies above 100 nJ and hundreds of
kWs peak power, scattering of radiation produced during
the fission process causes a substantial nonlinear energy
loss. In the “low-loss” regime, when generated solitons
possess energies below 15 nJ, the pulse width of an indi-
vidual MM Raman soliton scales with its energy accord-
ing to the law for fundamental SM solitons. Conversely,
in the “high-loss” regime, Raman solitons generated at
different wavelengths have a common pulsewidth (50-60
fs). The Raman soliton time duration remains nearly
constant, when its energy varies between 10 and 50 nJ.
At the same time, the soliton wavelength shift appears
to be clamped to a constant value. The generation of
soliton wavelength multiplexes with equal pulse width
and unequal amplitudes corresponds to a regime of mini-
mal radiative wave emission, where nonlinearity balances
second and third order dispersion at each soliton wave-
length.
8Our findings provide a new insight in the complex dy-
namics of MM fiber solitons, and are relevant for the
development of novel fiber based sources of high-energy
ultrashort pulses in the NIR and mid-infrared.
ACKNOWLEDGEMENT
The authors thank R. Crescenzi for technical support,
and V. Couderc for measuring the GRIN fiber index pro-
file. We acknowledge helpful discussions with D. Mod-
otto, U. Minoni, V. Couderc, A. Tonello, and S. Mur-
doch.
DISCLOSURES
The authors declare no conflicts of interest.
FUNDING INFORMATION
We acknowledge support from the European Research
Council (ERC) under the European Unions Horizon 2020
research and innovation program (grant No. 740355),
and by the Russian Ministry of Science and Education,
Grant No 14.Y26.31.0017.
[1] A. Hasegawa, Opt. Lett. 5, 416 (1980).
[2] B. Crosignani and P. D. Porto, Opt. Lett. 6, 329 (1981).
[3] B. Crosignani, A. Cutolo, and P. D. Porto, J. Opt. Soc.
Am. 72, 1136 (1982).
[4] A. B. Grudinin, E. Dianov, D. Korbkin, M. P. A, and
D. Khaidarov, J. Exp. Theor. Phys. Lett 47, 356 (1988).
[5] A. Mecozzi, C. Antonelli, and M. Shtaif, Opt. Express
20, 23436 (2012).
[6] K. Krupa, A. Tonello, A. Barthe´le´my, T. Mansuryan,
V. Couderc, G. Millot, P. Grelu, D. Modotto, S. A.
Babin, and S. Wabnitz, APL Photonics 4, 110901 (2019),
https://doi.org/10.1063/1.5119434.
[7] W. H. Renninger and F. W. Wise, Nat. Commun. 4, 1719
(2013).
[8] L. G. Wright, W. H. Renninger, D. N. Christodoulides,
and F. W. Wise, Opt. Express 23, 3492 (2015).
[9] L. G. Wright, D. N. Christodoulides, and F. W. Wise,
Nat. Photonics 9, 306 (2015).
[10] L. G. Wright, S. Wabnitz, D. N. Christodoulides, and
F. W. Wise, Phys. Rev. Lett. 115, 223902 (2015).
[11] Z. Zhu, L. G. Wright, D. N. Christodoulides, and F. W.
Wise, Opt. Lett. 41, 4819 (2016).
[12] M. A. Eftekhar, L. G. Wright, M. S. Mills, M. Kolesik,
R. A. Correa, F. W. Wise, and D. N. Christodoulides,
Opt. Express 25, 9078 (2017).
[13] L. Rishøj, B. Tai, P. Kristensen, and S. Ramachandran,
Optica 6, 304 (2019).
[14] A. S. Ahsan and G. P. Agrawal, Opt. Lett. 43, 3345
(2018).
[15] M. Conforti, C. M. Arabi, A. Mussot, and A. Kudlinski,
Opt. Lett. 42, 4004 (2017).
[16] M. Karlsson, D. Anderson, and M. Desaix, Opt. Lett.
17, 22 (1992).
[17] A. S. Ahsan and G. P. Agrawal, Opt. Lett. 44, 2637
(2019).
[18] S. S. L. Pitaevskii, Bose-Einstein Condensation (Oxford
University, 2003).
[19] F. Poletti and P. Horak, J. Opt. Soc. Am. B 25, 1645
(2008).
[20] R. H. Stolen, J. P. Gordon, W. J. Tomlinson, and H. A.
Haus, J. Opt. Soc. Am. B 6, 1159 (1989).
[21] G. P. Agrawal, Nonlinear Fiber Optics (Third edition,
Par. 2.3, Academic Pre, 2001).
[22] E. F. Shubert, Light-Emitting Diodes (Cambridge Uni-
versity, 2006).
[23] J. P. Gordon, Opt. Lett. 11, 662 (1986).
[24] Y. Kodama, A. V. Mikhailov, and S. Wabnitz, Optics
Communications 143, 53 (1997).
